Introduction
The bacterial degradation of the recalcitrant polysaccharides found in lignocellulose is a vital biological process that impacts global carbon cycling, human health and renewable energy development (Lynd et al., 2002; Dien et al., 2003; Lynd et al., 2005; Bardgett et al., 2008; Gilbert et al., 2008) . Decades of study on the biochemical properties of the Carbohydrate Active enZymes (CAZymes) required for lignocellulose degradation have provided detailed information on substrate specificity and kinetic parameters, which have been beneficial for lignocellulosic biofuel development (Cantarel et al., 2009; Lombard et al., 2014) . However, the high cost of lignocellulose-derived fuels still originates from the expense of plant biomass breakdown by CAZymes, and several recent biochemical studies have commented that exclusively biochemical studies are insufficient to fully understand recalcitrant polysaccharide depolymerization (Gilbert et al., 2008; Cartmell et al., 2011; Naas et al., 2014; Zhang et al., 2014) . Furthermore, to advance environmental studies of carbon cycling and our knowledge of human gut microbiome nutritional contributions, a more comprehensive understanding of CAZyme action in physiologically and environmentally relevant contexts will be required, especially for the more complex polysaccharides found in lignocellulose.
Examples of complex polysaccharides are the heteroxylans, which are types of hemicellulose and the dominant non-cellulose polysaccharides present in plant cell walls. These polysaccharides have a backbone of b-1,4 linked xylose monomers with side chain substitutions including a-1,2 and/or a-1,3 arabinofuranosyl groups, acetyl groups at the O-2 or O-3 positions, and/or a-1,2 D-glucuronic acid groups (Scheller and Ulvskov, 2010; Rennie and Scheller, 2014; Carpita and McCann, 2000) . The challenge in degrading heteroxylans is the structural complexity of the substrate, which for some highly substituted heteroxylans will require up to six distinct enzymatic activities for complete degradation (Biely et al., 2016) . Specifically, the enzymes involved in heteroxylan degradation are either side-chain cleaving, or backbone cleaving (Pollet et al., 2010; Moreira and Filho, 2016) . The backbone cleaving CAZymes from bacteria are often from Glycoside Hydrolase (GH) families 5, 10 and 11, while side-chain cleaving activities are commonly found in CAZymes of the GH43, GH51, GH62 and GH67 families (Cantarel et al., 2009; Levasseur et al., 2013; Lombard et al., 2014; Mewis et al., 2016) . A recent study of Cellvibrio sp. found that all eight species in the genus have the capacity to degrade xylan, in addition to a multitude of other environmental polysaccharides (Xie et al., 2017) . Cellvibrio sp. do not appear to organize CAZyme genes in operons, which is in contrast to Bacteroides sp. where CAZyme genes are often clustered into large Polysaccharide Utilization Loci (PULs) (DeBoy et al., 2008; Dodd et al., 2011; Gardner, 2016) . Therefore, the study of xylanase CAZyme coregulation and synergy is not trivial for Cellvibrio sp. as xylanase genes are interspersed throughout the genome.
Understanding xylan degradation is further complicated by the manner in which the substrate is degraded in the environment. As previously reviewed for cellulose degradation, environmental polysaccharide degradation is often performed by microbial consortia, where individual members not able to degrade the polysaccharide on their own are able to derive nutrition from a substrate through a shared network of secreted CAZymes (Mba Medie et al., 2012) . Therefore, a strong model organism that has the degradative capability to completely depolymerize the polysaccharides found in lignocellulose is an especially powerful tool for understanding this important biological process, provided appropriate systems level approaches exist for this organism. One bacterium with these attributes, and emerging as a powerful model system to study recalcitrant polysaccharide degradation, is the saprophyte Cellvibrio japonicus (DeBoy et al., 2008; Gardner, 2016) . Study of this bacterium is advantageous because in contrast to many environmental bacteria that produce only a few CAZymes required to degrade environmental polysaccharides, C. japonicus contains all of the necessary CAZymes to completely depolymerize lignocellulose (DeBoy et al., 2008; Gardner and Keating, 2010; van der Lelie et al., 2012) . C. japonicus has previously been shown to use a freely diffusing system of CAZymes for the degradation of cellulose (Gardner and Keating, 2010) . Interestingly, biochemical studies of the xylan-degrading CAZymes of C. japonicus have included both secreted enzymes and some predicted to be cell surface bound (Kellett et al., 1990; Emami et al., 2002; Pell et al., 2004) . However, the physiological relevance of this potential hybrid system is not clear, and it is unknown which of the approximately 20 predicted heteroxylan-specific CAZymes are essential for the degradation of the substrate (DeBoy et al., 2008) .
To establish a comprehensive model of heteroxylan degradation, we have used a systems biology approach, which integrates in vivo, in vitro and in silico data, to determine the physiologically relevant CAZymes in C. japonicus for heteroxylan degradation. The data obtained suggest secreted enzymes are not necessary for the degradation of unbranched xylan, and that a single b-xylosidase is critical for utilization of xylan oligosaccharides. Furthermore, we have identified a putative transporter that we now annotate as xntA (xylan transporter A), which is essential for efficient xylan utilization. Our results allowed us to refine the model of heteroxylan degradation for C. japonicus, and indicated the bacterium has diverse strategies to degrade different recalcitrant polysaccharides found in the environment.
Results
Transcriptome analysis identified a select subset of CAZyme genes up-regulated when using xylan substrates
RNAseq analysis was performed with wild type C. japonicus grown with either glucose or xylan as the sole carbon source. Samples were obtained for exponentially growing cultures and also during early stationary phase. Using a comparative approach four analyses can be obtained with the most informative being an examination of gene expression of xylan versus glucose grown cells during exponential growth. A survey of the RNAseq data for this comparison indicated there were 124 upregulated genes total (thresholds: fold-change 2; p value 0.01) during exponential growth on xylan, however, the number of CAZyme genes were few and consisted of gly43F, xyn11B, xyn10C, gla67A, xyn11A, gly43J and gal53A-1 ( Fig. 1 ; Supporting Information Table S1A ). Interestingly, there were 33 CAZyme genes up-regulated on xylan compared to glucose during early stationary phase out of 563 total genes (Supporting Information Fig. S1A ; Table S1B ). Five xylan-specific CAZyme genes were up-regulated during stationary phase, which were abf51A, abf43L, fee1B, gly43E and gly43N. In addition, three genes up-regulated during exponential phase (xyn10C, gal53A-1 and xyn11B) were still highly expressed in stationary phase compared to glucose grown cells. The remaining CAZyme genes up-regulated during stationary phase encoded enzymes for the degradation of polysaccharides other than xylan. Furthermore, we found that six CAZyme genes were regulated by changes in growth rate, specifically being upregulated when growth rate was slowed by entry into stationary phase using xylan as the sole carbon source. These six CAZyme genes were mal77Q, pda4B, bge18A, acm73B, cbp6A and cel5H (Supporting Xylan degradation in C. japonicas 611
Information Fig. S1B ; Table S1C). It was previously shown, both by microarray and RNAseq studies, that the number of C. japonicus CAZymes that were under growth rate control using glucose as the sole carbon source was very few (Gardner et al., 2014; Nelson et al., 2017 ). Analysis of the absolute level of expression of our transcriptomic data, as indicated by the reads per kilobase per million mapped reads (RPKM), did not identify any xylanase genes that were constitutively expressed at a high level.
Mutational analysis of C. japonicus CAZymes identifies both secreted and cell-associated xylanases essential for arabinoxylan degradation Bioinformatic analyses indicated that there were 24 C. japonicus CAZymes potentially active on heteroxylans, with members in the GH5, GH10, GH11, GH43, GH51, GH62 and GH67 families (DeBoy et al., 2008) . Previous enzymatic studies of xylan degradation suggested that both secreted and surface-anchored xylanases would be important for the degradation of this polysaccharide (Beylot et al., 2001; Pell et al., 2004; Emami et al., 2009) . As xylan can have varying levels of side-chain substitutions, we initially wanted to test the hypothesis that both secreted and surface associated xylanases were physiologically important for hemicellulose utilization by testing both substituted and unbranched types of xylan. To ascertain the contribution of secreted CAZymes for xylan utilization, we used a previously described Dgsp mutant, which prevents C. japonicus from secreting any CAZymes (Fig. 2) (Gardner and Keating, 2010; Nelson and Gardner, 2015 A Dgsp mutant has previously been shown to be unable to secrete any CAZymes, and the xyn10C gene product has been predicted to be surface associated. Experiments were performed in biological triplicate, and while too small to be observed in many instances, error bars depict standard deviation. Growth rates and maximum ODs for this experiment are available in Supporting Information Table S2A. mutant was able to grow like wild type when using unbranched xylan as the sole carbon source, but displayed a severe growth defect when arabinoxylan was the carbon source (Fig. 2B and and C) . This was a striking result indicating that unbranched xylan does not require secreted enzymes when utilized by C. japonicus. The only predicted membrane associated xylanase is Xyn10C, and the xyn10C gene was significantly upregulated when grown on xylan as shown by our transcriptomic studies. However, a Dxyn10C single mutant did not exhibit a growth defect on unbranched xylan (Fig. 2B) . A Dgsp Dxyn10C double mutant had a slight growth lag on unbranched xylan, but a growth rate similar to wild type. Surprisingly, when grown on arabinoxylan, strains with a Dgsp mutation had a substantial growth defect, suggesting that secreted enzymes were important for the degradation of substituted xylan. Additionally, a Dxyn10C single mutant strain had a lag phase approximately four hours longer than wild type but similar growth rate ( Fig. 2C ). We also tested the remainder of the bioinformatically predicted xylanases (eight total), and found only a minor reduction in the maximum growth (but similar to wild type growth rate) for a Dxyn10D strain when using arabinoxylan (Supporting Information Fig. S2 ). To ensure that the growth of the Dgsp strains was not from contamination of mono-or oligosaccharides in our xylan substrates, we performed a control experiment with an E. coli K-12 control strain (Supporting Information Fig. S3 ). For all substrates tested (xylan, arabinoxylan, and 4-O-D-glucuronoxylan) the E. coli strain was not able to grow, indicating that there were no low molecular weight sugar moieties present in our substrates that would allow growth, indicating that only through xylanase action would mono-or oligosaccharides be generated. Additionally, the C. japonicus mutant strains were able to grow well when glucose was the sole carbon source as expected ( Fig. 2A and Supporting Information Fig. S2A ).
To determine which secreted CAZymes were critical for arabinoxylan degradation, we created in-frame deletion mutants for all of the genes indicated as upregulated during either exponential or stationary phase when grown on xylan as indicated from our RNAseq data. This mutational analysis reveals the importance of four CAZyme genes, xyn11A, xyn11B, abf43L and abf43K. Deletion of either the xyn11A and xyn11B endo-xylanase genes individually did not impair the ability of C. japonicus to degrade arabinoxylan, however, the Dxyn11A Dxyn11B double mutant strain exhibited a reduced growth rate in addition to a pronounced lag phase on arabinoxylan (Fig. 3) . The justification for construction of the double mutant was that the xyn11A and xyn11B genes are in a predicted two-gene operon, which has been previously been described as rare for C. japonicus CAZyme genes (DeBoy et al., 2008) . Deletion of the abf43L alpha-arabinofuranosidase resulted in small growth rate defect on arabinoxylan (Supporting Information Table S2 ). Therefore, a Dxyn11A Dxyn11B Table S2B .
Dabf43L triple mutant strain was constructed, which displayed a more severe growth rate lag on arabinoxylan.
As the Abf43L enzyme is predicted to be an alphaarabinofuranosidase (GH43 subfamily 26), we investigated via mutational analysis the other three C. japonicus GH43 subfamily 26 genes, which included gly43D, abf43K and abf43M (DeBoy et al., 2008; Cartmell et al., 2011; Mewis et al., 2016) . In addition to these three GH43 genes, we also tested the abf51A and abf62A genes (Fig. 4) . The abf51A and abf62A gene products have been previously characterized biochemically as arabinofuranosidases, with the former being membrane bound and the latter being secreted (Beylot et al., 2001) .
As was previously shown with transposon mutagenesis (Beylot et al., 2001) , we confirmed with an in-frame deletion mutant that the membrane-bound alpha-arabinofuranosidase Abf51A was critical for efficient arabinoxylan utilization (Fig. 4C) . Additionally, we found the cytoplasmic abf43K gene product was necessary for optimal utilization of arabinoxylan. A Dabf43L Dabf43K double mutant strain resulted in a substantial growth lag and a severe growth rate defect on arabinoxylan. Complementation with a functional copy of the abf43K gene allowed for restoration of arabinoxylan utilization capacity for the Dabf43K and Dabf43L Dabf43K mutant strains (Supporting Information Fig. S4 ). Interestingly, the deletion of the abf62A gene did not impair the ability of C. japonicus to utilize the arabinoxylan, which was previously observed in a strain created by transposon mutagenesis (Beylot et al., 2001) . The Dgly43D and Dabf43M single mutants grew like wild type when using arabinoxylan as the sole carbon source.
Gly43F is an essential enzyme for the utilization of xylans in C. japonicus
The gly43F gene is predicted to be a cytoplasmic bxylosidase, and our RNAseq analysis found it to be highly expressed when C. japonicus was grown on xylan. As the current C. japonicus model of xylan degradation does not have any predicted enzymes for the final stages of degradation (i.e., xylo-oligosaccharides), the identification of gly43F was of particular interest (Pell et al., 2004; Gardner, 2016) . When this gene was deleted, the resulting mutant strain had a severe growth defect on both unbranched xylan and arabinoxylan (Supporting Information Table S2 ). The growth defect for the Dgly43F strain also manifested when the xylo-oligosaccharides xylobiose or xylotriose were used as the sole carbon source. Both growth rate and maximum growth compared to wild type for the Dgly43F strain was significantly decreased (Fig. 5) .
To further investigate the function of the gly43F gene product, we heterologously expressed the gene in E. coli, which is a bacterium that cannot normally use xylooligosaccharides. We observed that providing the C. japonicus gly43F gene to E. coli on a plasmid was sufficient Table S2C. for growth using xylobiose or xylotriose, presumably by cleaving xylo-oligosaccharides into xylose monomers for entry into the pentose phosphate pathway ( Fig. 5B and  C) . The combination of C. japonicus mutational analysis and E. coli heterologous expression indicated that the gly43F gene product was a cytoplasmic b-xylosidase that constituted the final step of heteroxylan breakdown. As expected, a previously constructed DxylA mutant strain , which encodes xylose isomerase, was unable to grow using xylo-oligosaccharides or xylose. This DxylA mutant is a strong negative control strain because xylose isomerase is an essential component for conversion of xylose to xyulose-5-phosphate, which is the entry point into the pentose phosphate pathway (van Maris et al., 2007) .
The putative transporter XntA is required for efficient transport of xylo-oligosaccharides in C. japonicus
Upstream of the gly43F gene is a predicted transporter (CJA_1315). RNAseq analysis of this gene indicated that it is highly expressed during xylan degradation (Supporting Information Table S1 ). The CJA_1315 gene is currently annotated as a putative TonB-dependent transporter (TBDT). Traditionally TBDTs have been associated with iron transport, but more recently have been implicated in sugar transport as well (Neugebauer et al., 2005; Schauer et al., 2008) . A BLAST search of CJA_1315 revealed homology to the MelB domain, which is in the family of Glycoside-Pentoside-Hexuronide (GPH) transporters. These types of transporters are cation symporters, and are known for uptake of melibiose, lactose, raffinose, arabinosides and b-xylosides (Saier et al., 2006) . japonicus strains and open icons represent E. coli strains. Wild type C. japonicus and a DxylA mutant were included as positive and negative controls respectively. For E. coli experiments, a strain containing only an empty pUC18 vector only control (VOC) was included. All experiments were performed in biological triplicate, with error bars depicting standard deviation. In many cases, error bars are too small to be observed on the graph. Growth rates and maximum ODs for this experiment are available in Supporting Information Table S2E .
An in-frame deletion mutant of the CJA_1315 gene resulted in a strain that was heavily impaired for growth on xylan, arabinoxylan and xylo-oligosaccharides (Fig. 6 ). While the CJA_1315 gene was required to effectively utilize linked xylan residues, it grew similarly to wild type when xylose was the sole carbon source, suggesting that the CJA_1315 protein is specific for xylo-oligosaccharide transport. For this reason, we have renamed this unannotated gene as xntA (xylan transporter A). In addition to DxntA, we found that a xylE single deletion mutant had a slightly lower growth rate when xylo-oligosaccharides were the sole carbon sources compared to wild type ( Fig. 6C and D) . Homologues of the XylE protein have been previously characterized as major facilitator superfamily (MFS) transporters implicated in sugar import (Wisedchaisri et al., 2014) . Interestingly, the DxylE mutant grew like wild type when utilizing xylan or arabinoxylan ( Fig.  6E and F) , and the expression of the xylE gene was not elevated in xylan medium during RNAseq analysis. However, a DxntA DxylE double mutant strain had a more severe growth defect when using xylobiose or xylotriose than either of the single mutants (Supporting Information Table S2 ).
Discussion
A recent review summarizing the biochemical and structural work on C. japonicus xylan degradation suggested a suite of nine secreted and three surface bound CAZymes were responsible for xylan degradation (Gardner, 2016) . The model proposed was incomplete, however, as it left the intracellular degradation of xylooligosaccharides undefined. With this report, we have characterized the critical cytoplasmic b-xylosidase, identified a TonB-dependent oligosaccharide transporter important for xylo-oligosaccharide import, and obtained transcriptomic and genetic data that significantly updates the model for physiologically relevant xylan degradation by C. japonicus.
The complex regulatory networks present in C. japonicus are unique for the different polysaccharides that comprise lignocellulose
The transcriptional response for exponentially growing C. japonicus cells on xylan was very specific for xylanase genes, which differed significantly from the transcriptional response of cells growing on cellulose in the scope and functions of the genes up-regulated (Gardner et al., 2014; Nelson et al., 2017) . The up-regulated cohort of CAZyme genes on cellulose consisted of a wide variety of CAZymes predicted to degrade various polysaccharides, whereas on xylan only a select few xylan-specific CAZymes were represented. For example, of the four GH10 genes present in C. japonicus, only A positive control (wild type C. japonicus) and negative control strain (DxylA mutant) were included in the experiment. A mutant strain with the xylE gene deleted (predicted MFS transporter) was also evaluated alone and in tandem with the xntA mutant. All experiments were performed in biological triplicate, with error bars depicting standard deviation. Error bars that are too small to be observed on the graph have less than 10% deviation. Growth rates and maximum ODs for this experiment are available in Supporting Information Tables S2F and S2G. xyn10C was highly expressed on xylan compared to glucose (Supporting Information Table S1 ). The stationary phase transcriptional response using xylan was broader and a diverse set of CAZyme genes were up-regulated including predicted Carbohydrate Binding Proteins (CBPs). It was previously shown that the poorly characterized CBPs were also up-regulated when C. japonicus is grown in cellulose (Gardner et al., 2014) . The comparison of the exponential versus stationary phase transcriptional response when grown on xylan indicated that there were six CAZyme genes under growth rate control. These transcriptomic results argue that the C. japonicus CAZyme genes are primarily regulated by substrate availability and detection, and that growth rate only regulates a few CAZyme genes. This point has been raised previously (Gardner et al., 2014) and distinguishes C. japonicus from other polysaccharidedegrading bacteria, such as Clostridium thermocellum, whose CAZyme genes are regulated by growth rate (Raman et al., 2011; Riederer et al., 2011) . While the RNAseq results suggest a distinct regulatory circuit just for hemicellulose, the xylan-specific transcription factors are currently unknown. However, a two-component system, comprised of the AbfR and AbfS proteins, has previously been described for arabinoxylan utilization in C. japonicus (Emami et al., 2009) . Briefly, arabinofuranose-substituted xylo-oligosaccharides are imported into the cell, which bind to AbfS, triggering the phosphorylation of AbfR, which then activates the transcription of six CAZyme genes (abf51A, gla67A, fee1B, ce2A, ce2B and ce2C). We found that deletion of either member of this regulatory element resulted in a severe growth defect on arabinoxylan (Supporting Information  Fig. S5 ). We hypothesize that the growth defect elicited by deletion of either abfS or abfR is solely due to repressed transcription of abf51A, as deletion of the other genes under AbfS/R control (Dfee1B, Dce2A, Dce2B, Dce2C and Dgla67A) did not exhibit any growth defects when grown using xylan or arabinoxylan. Future studies into the complexities of heteroxylan degradation by C. japonicus will likely include additional transcriptomic experiments using more diversely substituted xylans containing glucuronic acid, ferulic acid and acetyl groups, as using these substrates would better functionally characterize the gene products of the AbfS/R regulon.
Secreted CAZymes facilitate C. japonicus degradation of arabinoxylan, but are not essential for unbranched xylan utilization
To more broadly test the importance of secreted enzymes for xylan degradation, we deleted the ninegene operon (gspC-gspK) that encodes the Type II Secretion System (TTSS), which has been shown to be essential for both cellulose and chitin degradation (Gardner and Keating, 2010; Gardner et al., 2014; Forsberg et al., 2016; Nelson et al., 2017) . Surprisingly, deletion of the TTSS did not prevent C. japonicus from growing on unbranched xylan ( Fig. 2 ; Supporting Information Table S2 ). The current model of xylan degradation predicted four GH10 and GH11 enzymes (Xyn10A, Xyn10B, Xyn11A and Xyn11B) and one membrane bound xylanase (Xyn10C) to be involved in xylan degradation. What was surprising was that the Dxyn10C single mutant and Dgsp Dxyn10C double mutant strains had no major growth defects using unbranched xylan. This suggested other membrane bound CAZymes have xylanase activity and current work in our laboratory is attempting to identify and characterize these enzymes. Another unexpected result was that the double deletion of Dxyn11A Dxyn11B displayed a growth defect on arabinoxylan (Fig. 3) . This was an unexpected result because it was previously shown that secreted xylanases of family GH11 are specific for unbranched xylan and xylo-oligosaccharides (Biely et al., 1997) and secreted xylanases of family GH10 are less specific, accommodating both branched and unbranched-xylan and xylo-oligosaccharides (Pell et al., 2004) . We found that these two xylanases, along with the secreted Abf43L arabinofuranosidase, play a significant role in the ability of C. japonicus to efficiently degrade arabinoxylan before transport. Additional future work will determine the physiological role of the secreted xylanases (e.g., GH10s), and their likely role in the degradation of more complex substrates found in the environment. We hypothesize that more complex heteroxylans are the targets for these CAZymes because we constructed mutant strains for the GH10 C. japonicus CAZyme genes and the remaining up-regulated CAZyme genes during exponential growth using xylan, and none displayed a growth defect when grown with unbranched xylan or arabinoxylan (Supporting Information Fig. S2 ).
Our mutational analysis also found that Dabf43L and Dabf43K single mutant strains had a growth defect on arabinoxylan, and that a Dabf43L Dabf43K double mutant strain had a severe growth defect in relation to wild type (Fig. 4) . Abf43L is a secreted alphaarabinofuranosidase that was previously shown enzymatically to have robust activity for degrading arabino-oligosaccharides, specifically arabinotriose, and Abf43K was shown to be highly active on arabinobiose (Cartmell et al., 2011) . However, it appears that physiologically the Abf43L enzyme is important for efficient arabinoxylan side chain liberation via the removal of the arabinofuranose substitutions from polymeric arabinoxylan. In this manner, the Abf43L enzyme seems to have a function more akin to the membrane bound Abf51 enzyme. Previous findings indicated that Abf51A had wide substrate specificity and could cleave a-1,2-and a-1,3-linked arabinofuranose side chains from arabinoxylan (Beylot et al., 2001) . Furthermore, it appears that Abf43L is the physiologically relevant secreted arabinofuranosidase, and not the previously characterized Abf62A enzyme. In a previous report, the Abf62A enzyme was shown to only cleave arabinose residues that are mono-substituted at O-2 or O-3 position from xylan substrates (Kellett et al., 1990) , and, therefore, may be why we do not see a growth defect for a Dabf62A mutant strain on wheat arabinoxylan, which can be di-substituted (Fig. 4) . Therefore, our current model of arabinoxylan degradation suggests the role for the Abf51A, Abf43L and Abf43K enzymes in removing arabinofuranose residues is influenced both by the length of the oligosaccharides that they act upon, and their cellular location (Fig. 7) .
Cytoplasmic degradation of xylo-oligosaccharides provides C. japonicus nutrient source protection against other environmental bacteria
In the latter stages of xylan degradation, after side chain substitutions have been removed, the activity of a bxylosidase will generate xylose from b-1-4 xylo-oligosaccharides. To date the GH3, GH39 and GH43 families have been documented as having b-xylosidase activity (Cantarel et al., 2009) , and while C. japonicus has members of all three GH families, only GH43 genes were highly expressed during xylan degradation (Supporting Information Table S1 ). Specifically, the most highly expressed CAZyme gene during exponential phase was gly43F, which is one of two GH43 family enzymes (out of 14) predicted to be cytoplasmic and also the only one predicted to be b-xylosidase (DeBoy et al., 2008) . Deletion of gly43F resulted in a pronounced growth defect when using polymeric forms of xylose, indicating that the gly43F gene product is essential for xylan utilization ( Fig. 5 ; Supporting Information Table S2 ). The critical function supplied by Gly43F was further supported by heterologous expression experiments, where expression of gly43F alone in E. coli allowed for utilization of xylo-oligosaccharides.
Upstream of gly43F is a predicted TonB transporter (CJA_1315), which we have renamed xntA (xylan transporter A). An xntA mutant grows similarly to wild type on xylose, suggesting that it is unlikely to transport individual xylose monomers. Bioinformatic analysis of the C. japonicus genome predicted at least ten sugar transporters and included XylE, which is annotated as a Major Facilitator Superfamily (MFS) transporter (DeBoy et al., 2008; Wisedchaisri et al., 2014) . The XylE transporter appears to be specific for oligosaccharides, as a DxylE mutant had minor growth defects when grown on xylobiose or triose, but not xylan or xylose. Growth experiments using oligosaccharides also suggested both types of transporters were specific for similar substrates. The growth defect exhibited on xylobiose and xylotriose by the DxylE DxntA double mutant revealed an inability to efficiently transport oligosaccharide products that result from extracellular xylan hydrolysis.
In other saprophytic bacteria there are also examples of small operons that contain sugar transporters and b-xylosidases to capture and sequester xylooligosaccharides (Qian et al., 2003) . Our current model strongly suggests that C. japonicus does not degrade xylan to xylose in the environment, but rather into smaller xylo-oligosaccharides that can be internalized and cleaved to xylose in the cytoplasm (Fig. 7 ). This appears to be a strategy that C. japonicus uses to maximize the return on the energy investment of synthesizing and secreting CAZymes into the environment. This affords C. japonicus a potential competitive advantage over other environmental microbes that cannot metabolize oligo-or polysaccharides and provides another solution to the so-called "public goods dilemma" (Drescher et al., 2014) .
Experimental procedures
Bacteria strains, media and growth conditions Cellvibrio japonicus Ueda107 was acquired from the National Collections of Industrial, Marine, and Food Bacteria. Escherichia coli MG1655 (K-12) was obtained from the Coli Genetic Stock Center. The complete list of all bacterial strains, plasmids, and primers used in this study is found in Supporting Information Table S3 . In this Supporting Information table, both the gene name and the locus ID for all C. japonicus genes in this study can be found. For general propagation C. japonicus strains were grown in MOPS (3-(N-morpholino)propanesulfonic acid) defined minimal medium (Neidhardt et al., 1974) with glucose (0.2% w:v) as the sole carbon source, while E. coli K-12 strains were grown in lysogenic broth (LB) (Bertani, 1951; Bertani, 2004) . When grown using polysaccharide substrates, a concentration of 0.25% beechwood xylan (X4252, > 90% purity; Sigma), 0.25% 4-O-D-glucurono-D-xylan (OM45934, 98% purity; Carbosynth, Berkshire, UK), or 0.25% wheat arabinoxylan (P-WAXYL, 95% purity (Ara: Xyl 5 38:62), MegaZyme, Wicklow, Ireland) was used. Oligosaccharides (O-XBI, >90% purity, xylobiose or O-XTR, >95% purity, xylotriose; MegaZyme) were used a concentration of 0.5% for growth experiments. All incubations were performed at 308C with high aeration (200-220 RPM). When appropriate, kanamycin was used at a concentration of 50 lg ml 21 and ampicillin at 100 lg ml
21
. Growth experiments were performed in either 18 mm glass test tubes or 96-well microtiter plates. For the former, growth was measured with a Spec20D1 spectrophotometer (Thermo Scientific), and the latter with a TECAN M200Pro microplate reader (TECAN Group, Switzerland). In both cases, growth was measured using optical density at 600 nm (OD 600 ). Where appropriate, estimation of lag phase duration was determined as done previously (Nelson et al., 2017) . All growth experiments were performed in biological triplicate with at least three independent experimental replicates to ensure the robustness of any growth phenotypes observed. Calculations of standard deviation were performed with the Prism 6 software (GraphPad, La Jolla, CA).
Genetic techniques
C. japonicus in-frame deletions were constructed as done previously (Gardner and Keating, 2012; Nelson and Gardner, 2015) . Briefly, the in-frame deletion fragments that contained 500 bp upstream of the start codon and 500 downstream of the stop codon for the gene to be deleted were cloned into plasmid pK18mobsacB (Schafer et al., 1994) via Gibson assembly (Gibson et al., 2009) . The vector was subsequently moved into C. japonicus by triparental mating using the S17 k PIR strain of E. coli in conjunction with a third strain of E. coli harboring plasmid pRK2013 (Figurski and Helinski, 1979) . Deletion strains were verified by PCR analysis using both primers external to and internal to the region to be deleted as done previously (Nelson and Gardner, 2015) . Due to the proximity of the gly43F gene, the DxntA mutant was generated with an internal deletion, removing 1083 bp of the gene, while retaining the final 507 base pairs in-frame on the chromosome. The Dxyn11A Dxyn11B double deletion removed a 357 bp region between the two genes, and the DabfR DabfS double deletion removed a 4 bp region between the two genes. For the complementation of the Dabf43K and Dabf43K Dabf43L mutant strains, a functional copy of the abf43K gene was placed in the genome at the cel3B locus with gene expression driven by the cel3B promoter, using the same targeted approach as described above for gene deletion. A schematic of this ectopic complementation by allelic exchange is shown in Supporting Information Fig.  S6 . The complete list of all primers used in this study is found in Supporting Information Table S3 . For E. coli heterologous expression studies, genes from C. japonicus were cloned into plasmid pUC18 (Yanisch-Perron et al., 1985) at the EcoRI and XbaI sites. All DNA modifying enzymes were from New England Biolabs (Ipswich, MA), and all nucleic acid extraction kits were obtained from Qiagen (Hilden, Germany).
Transcriptomic analysis
Measurement of growth and cell sampling for transcriptomic experiments was performed as done previously (Gardner et al., 2014; Nelson et al., 2017) . Briefly, 45 ml of midexponential phase C. japonicus cells were collected in tubes containing 5 ml of cold 5% v:v acidic phenol in anhydrous ethanol, which completely ceases all cellular metabolism. The cells were pelleted by centrifugation (8000 g for 5 min at 48C). The supernatant was eliminated, the cell pellet placed in a dry ice and ethanol bath, and subsequently stored at 2808C. RNAseq was performed at GeneWIZ (South Plainfield, NJ) on a fee-for-service basis. After sequencing, reads were aligned to the reference genome, and gene expression levels were obtained as RPKM. Then the expression values were log 2 -transformed and quantileXylan degradation in C. japonicas 619 normalized before performing a Student's t test. Significantly expressed genes were selected if the p-value was < 0.01 and the fold-change of RPKMs was > 2. Analyses were performed using the CLC Genomics Workbench (Qiagen, Redwood City, CA) and ArrayStar software (DNASTAR, Madison, WI). Published RNAseq data for C. japonicus grown using glucose (GSE90955) was used for comparative expression analysis as done previously (Nelson et al., 2017) Additional RNAseq data generated during the course of this study has been submitted to NCBI GEO (GSE108095). With the deposition of the RNAseq data other methods of analysis are possible as previously reviewed (Conesa et al., 2016) .
Predictions for cellular location of C. japonicus CAZymes
The predicted localizations for the enzymes depicted in Fig.  7 were determined using SignalP 4.0 and LipoP 1.0 to determine the presence of a signal peptide (Juncker et al., 2003; Petersen et al., 2011) . The locus tags used to acquire each protein coding sequence is contained in Supporting Information Table S1 .
